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thesis (9, 30) . Together, these data support a mechanistic role for altered GSH homeostasis in the fibrotic process. However, GSH synthesis depends on the amino acid cysteine (Cys), and relatively little is known about the regulation of Cys in fibrosis.
Cys, its disulfide, cystine (CySS), GSH, and glutathione disulfide (GSSG) comprise the major low-molecular weight thiol/disulfide redox control systems in mammals (22) . These control systems are compartmentalized; GSH/GSSG provides control mechanisms within cells, whereas Cys/CySS predominates in the extracellular fluid. Recent advances in redox signaling mechanisms have revealed that the redox states (E h ) of these couples are not in equilibrium with each other and have distinct regulatory functions (20, 21, 26) . We have shown that oxidized E h Cys/CySS in the culture media of lung fibroblasts stimulates proliferation and expression of transitional matrix components such as fibronectin, and this occurs in the absence of apparent changes to the GSH pool (40) . Additionally, E h Cys/CySS is oxidized in association with age and smoking, known risk factors for IPF (27, 34) . Thus oxidation of Cys/CySS redox state may represent a hitherto unidentified pathogenic mechanism in lung fibrosis.
The purpose of the present study was to determine whether bleomycin-induced fibrosis is associated with a decrease in Cys and/or an oxidation of the Cys/CySS redox state and to determine whether these changes were associated with changes in E h GSH/GSSG. Mice received bleomycin intratracheally, and GSH and Cys redox states were measured at time points known to correlate with the proinflammatory and profibrotic phases of lung injury. To control for the effect of food intake on Cys concentrations, responses in bleomycin-treated mice were compared with pair-fed, saline-treated controls. We observed distinct effects on plasma GSH and Cys redox systems during the progression of bleomycin-induced lung injury. Plasma E h GSH/GSSG was selectively oxidized during the proinflammatory phase, whereas oxidation of E h Cys/CySS occurred at the fibrotic phase. Interestingly, E h Cys/CySS in the ELF was substantially more oxidized than the plasma pool and was due, entirely, to bleomycin-related decrease in food intake. Thus the data show that decreased precursor availability and enhanced oxidation of Cys each contribute to the oxidation of extracellular Cys/CySS redox state in bleomycin-induced lung fibrosis.
METHODS

Materials.
All chemicals were purchased from Sigma (St. Louis, MO) except where indicated. Distilled, deionized water was used for analytical purposes. HPLC quality solvents were used for HPLC.
Experimental animals and pair feeding. Experiments were conducted using 10-to 14-wk-old, female C57BL/6J mice (The Jackson Laboratories, Bar Harbor, ME). Mice were housed individually for pair feeding and maintained on a 12:12-h light-dark cycle at the Division of Animal Resources at Emory University. All animals were fed pelleted rodent food (Test Diet 5015; LabDiet, Richmond, IN) and had free access to water. Nesting material was presented daily to each mouse to compensate for the absence of other animals (5) . All experiments were initiated during the light cycle. Measurement of food intake in bleomycin-treated mice was performed by providing mice with a weighed food pellet at day 0 and manually recording weight of the remaining food the next day. Fresh, weighed food was provided daily. The amount of food ingested by bleomycin-treated mice was averaged, and this amount was provided to pair-fed PBS controls. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Emory University.
Bleomycin administration. Bleomycin, dissolved in sterile PBS, was administered intratracheally at a dose of 3.2 U bleomycin/kg body wt under ketamine-xylazine anesthesia. Animals were killed at 1, 3, 7, and 14 days postbleomycin. Pair-fed PBS animals received intratracheal injection of PBS and were killed at corresponding time points.
Sample collection and analysis of Cys, CySS, GSH, and GSSG. Samples were collected using a method optimized to minimize errors due to collection and processing (25) . Mice were anesthetized by isoflurane inhalation (Baxter, Deerfield, IL), and blood was collected by submandibular bleeding using a 4-mm mouse bleeding lancet (Medipoint, Mineola, NY).
Because red blood cell GSH levels are ϳ2 orders of magnitude greater than plasma GSH levels, 1% hemolysis can result in an increase of ϳ7 M GSH in the plasma. To minimize artificial overestimation of GSH due to hemolysis, blood was collected into a heparin-coated Eppendorf tube to inhibit coagulation. We have determined that for mouse plasma, a Ͼ0.2% hemolysis is visually detected. Consequently, samples were evaluated visually for hemolysis, and hemolyzed samples were not included in the analysis.
The collected blood (0.18 ml) was immediately transferred to 0.02 ml of preservation solution. The preservation solution included heparin, serine borate to inhibit degradation of GSH by ␥-glutamyltranspeptidase, bathophenanthroline disulfonate to inhibit oxidation of GSH and Cys, and iodoacetic acid to alkylate GSH and Cys. To facilitate quantification of the thiols and disulfides, ␥-glutamyl glutamate (␥-Glu-Glu) was used an internal standard (23) . Samples were centrifuged at 16,000 g for 60 s to remove precipitated protein, and 0.1 ml of the supernatant was immediately transferred to an equal volume of ice-cold 10% (wt/vol) perchloric acid. Samples were immediately stored at Ϫ80°C and derivatized with dansyl chloride within 1 mo. Stability tests have shown that nonderivatized samples are stable for at least 2 mo at Ϫ80°C (25) .
Bronchoalveolar lavage fluid (BALF) was obtained after mice were euthanized. Briefly, 0.6 ml of sterile PBS was instilled into the lung via a tracheal incision and withdrawn with gentle suction. This procedure took ϳ10 min to complete. The collected BALF was centrifuged at 200 g for 6 -7 min. Cell-free supernatant (0.15 ml) was mixed with an equal volume of ice-cold 10% (wt/vol) perchloric acid containing 20 M ␥-Glu-Glu and stored at Ϫ80°C until derivatization with iodoacetic acid and dansyl chloride.
For HPLC analysis (Gilson Medical Electronics, Middleton, WI), derivatized samples were centrifuged, and 50 l (plasma) or 65 l (BALF) of the aqueous layer was applied to the Supelcosil LC-NH2 column (25 cm ϫ 4.6 mm; Supelco, Bellefonte, PA). Derivatives were separated with a sodium acetate gradient in methanol/water and detected by fluorescence (25 (41) . Therefore, estimates of Cys and CySS levels in the ELF were obtained after normalization for dilution using the urea dilution factor. The urea dilution factor is equal to urea plasma/ureaBALF, and estimation of BALF dilution using this method is considered to be reasonably accurate (41, 49) . To minimize variability of recovery, dwell times for saline were maintained at less than 2 min under all experimental conditions. The concentration of urea in plasma and BALF was measured using a urea assay kit with a sensitivity range of 0.08 -100 mg/dl (BioAssay Systems, Hayward, CA).
Histopathology. Lungs were fixed by intratracheal instillation of neutral buffered formalin (10%). After further fixation overnight at room temperature, the tissue was embedded in paraffin, sectioned, and stained by hematoxylin and eosin (H&E). Masson's trichrome stain was used to detect collagen deposition. All sections were studied by light microscopy. For immunohistochemistry, fibronectin rabbit polyclonal antibody (Sigma) and anti-TGF-␤1 antibody (Sigma) were used.
Cell culture. Primary fibroblasts were isolated from the lungs of 8-to 10-wk-old wild-type C57BL/6J or from transgenic mice expressing the full-length human fibronectin promoter-luciferase reporter gene construct as previously described (48) . Cells were maintained under 5% CO 2 at 37°C in DMEM supplemented with 10 U/ml penicillin, 10 g/ml streptomycin, and 10% fetal bovine serum (Mediatech, Manassas, VA) but were transferred to serum-free media for 12-24 h before experimental manipulations.
Statistical methods. Data are presented as means ϩ SE. Statistical analysis was done using SAS v. 9.1 (SAS Institute, Cary, NC). Analyses were performed using a generalized linear model using two-way ANOVA with time and treatment specified as the main effects and time ϫ treatment as the interaction term. Tukey-Kramer post hoc analysis was used for all comparisons with P value Ͻ 0.05.
RESULTS
Effect of bleomycin on lung histology, food intake, and weight loss. The pathophysiology of bleomycin-induced lung injury has been characterized in previous studies (33, 42) . Endotracheal instillation of bleomycin leads to lung fibrosis and occurs in three stages. Bleomycin-induced cytotoxicity leads to apoptosis and necrosis of alveolar epithelial cells followed by an inflammatory phase that peaks at day 7 and is characterized by infiltration of neutrophils and lymphocytes in the lung. An aberrant repair and remodeling process ensues, resulting in enhanced deposition of matrix molecules such as collagen, which peaks at day 14. Figure 1A shows photomicrographs of lung sections from untreated controls and at days 7 and 14 after bleomycin treatment. On the left of Fig. 1 , lung sections from bleomycintreated mice stained with H&E showed a progressive loss of normal pulmonary architecture with inflammatory cell infiltration and edema at day 7. By day 14, there is a partial clearance of inflammation. On the right of Fig. 1 , sections were stained with Masson's trichrome to highlight the presence of collagen. At day 7 after bleomycin, modest amounts of collagen were present along with inflammatory cells around airways. Lungs from mice at day 14 after bleomycin stained extensively for aniline blue indicating increased collagen deposition.
Because food intake is an important determinant of Cys homeostasis (35), we designed the study to control for food intake by pair feeding the control group to the bleomycintreated group. Bleomycin administration significantly decreased food intake within day 1 of treatment ( Fig. 1B ; untreated controls, 5.11 Ϯ 0.41 g vs. bleomycin-treated mice at day 1, 1 Ϯ 0.1 g; P Ͻ 0.0001), and intake remained substantially decreased at all subsequent time points measured (day 7, 3.5 Ϯ 0.3 g; day 14, 3.2 Ϯ 0.8 g; P Ͻ 0.01 compared with untreated controls).
In Fig. 1C , decline in body weight is shown for bleomycintreated animals and pair-fed PBS controls. There was a linear decrease in body weight from day 1 to 7 postbleomycin (percent weight loss at day 1, 6.38% Ϯ 0.53% vs. day 7, 19.01% Ϯ 1.5%; P Ͻ 0.001), and weight loss remained stable thereafter. No statistically significant differences in weight loss were observed between pair-fed control mice and bleomycintreated animals (treatment effect, P ϭ 0.144; time ϫ treatment effect, P ϭ 0.45), indicating that weight loss occurred as a consequence of decreased food intake.
Oxidation of plasma GSH/GSSG redox state coincides with the inflammatory phase of bleomycin-induced lung injury. We next determined whether GSH levels are decreased after bleomycin administration and whether similar responses are observed in pair-fed controls. A significant decline in plasma GSH levels was observed at day 7 coinciding with the proinflammatory phase of lung injury ( Fig. 2A ; untreated controls, 24 Ϯ 0.21 M; pair-fed day 7, 22.5 Ϯ 1.6 M; bleomycin day 7, 13.5 Ϯ 2.4 M; P Ͻ 0.05 compared with untreated controls and pair-fed controls). The decrease in plasma GSH at day 7 caused a significant oxidation of E h GSH/GSSG by an average of 15 mV ( Fig. 2C ; untreated controls, Ϫ149 Ϯ 0.3 mV; pair-fed day 7, Ϫ151.2 Ϯ 1.1 mV; bleomycin day 7, Ϫ133.5 Ϯ 4.9 mV; P Ͻ 0.01 compared with untreated controls and pair-fed controls). GSH levels completely recovered by day 14, leading to normalization of E h GSH/GSSG.
Examination of the disulfide form, GSSG, revealed a trend for increase at days 1 and 7 after bleomycin treatment. This increase was, however, not significant ( Fig. 2B ; untreated controls, 2.3 Ϯ 0.2 M; bleomycin day 1, 3.5 Ϯ 0.4 M; bleomycin day 7, 3.6 Ϯ 0.8 M). At day 14, GSSG levels were 2.8 Ϯ 0.5 M. Thus, although GSH levels decreased significantly at day 7 with bleomycin treatment, no time-or treatment-related effects were observed in plasma GSSG. The lack of significant increase in GSSG indicates that the activities of the ␥-glutamyltranspeptidase and dipeptidases are sufficient to remove GSSG formed. Increased activity of these enzymes could also account for the decrease in plasma GSH at day 7. Examination of plasma GSH, GSSG, and E h GSH/GSSG in pair-fed controls revealed no significant effect of decreased food intake on plasma E h levels.
Oxidation of plasma Cys/CySS redox state coincides with the fibrotic phase of bleomycin-induced lung injury. Relatively little is known about the dynamics of the plasma Cys/CySS pool in fibrosis. Cys and CySS concentrations in the plasma were measured immediately after bleomycin administration at day 1 and at the peak proinflammatory (day 7) and profibrotic phases (day 14) of lung injury. No significant differences in plasma Cys levels were observed at days 1 and 7 postbleomycin, but Cys levels dropped significantly at day 14 (untreated controls, 26.2 Ϯ 0.08 M; pair-fed day 14, 26.5 Ϯ 1.2 M; bleomycin day 14, 15.7 Ϯ 1.3 M; P Ͻ 0.05 compared with untreated controls and pair-fed controls; Fig. 3A) . In contrast to the decrease in Cys, plasma levels of the disulfide, CySS, did not change with bleomycin treatment (Fig. 3B ; untreated controls, 73 Ϯ 5.4 M; bleomycin day 7, 66 Ϯ 2.2 M; bleomycin day 14, 64 Ϯ 6.3 M).
Despite the relative stability of plasma CySS, the decrease in plasma Cys resulted in oxidation of E h Cys/CySS by an average of 20 mV at day 14 (untreated controls, Ϫ102.5 Ϯ 1.9 mV; pair-fed day 14, 100 Ϯ 1.7 mV; bleomycin day 14, Ϫ85 Ϯ 3 mV; P Ͻ 0.05 compared with untreated controls and 
a P Ͻ 0.001 compared with bleomycin-treated animals. H&E, hematoxylin and eosin.
pair-fed controls; Fig. 3C ). In pair-fed controls, E h Cys/CySS did not change with time except for an average 10-mV oxidation at day 1 (pair-fed controls day 1, 92 Ϯ 1.2 mV; P Ͻ 0.05 compared with untreated controls), suggesting that oxidation of E h Cys/CySS at day 14 was a consequence of the disease process and not related to food intake. Analysis of the total plasma Cys pool revealed no significant changes with time or treatment ( Fig. 3D ; time effect, P ϭ 0.4; treatment effect, P ϭ 0.3).
Oxidation of E h Cys/CySS in the lung ELF is due to bleomycin-related alterations in food intake. The decrease in GSH levels in ELF in the bleomycin model is well-documented (14) . Because Cys is a precursor for GSH and because the plasma pool and the ELF pool are independently regulated (49), we determined whether E h Cys/CySS was oxidized in the ELF. Levels of Cys and CySS were determined in the ELF, immediately after death, at the peak proinflammatory and profibrotic phases of bleomycin-induced lung injury. For these analyses, Fig. 3 . At days 1, 7, and 14, mice were killed, and plasma was collected for HPLC analysis of amino acid cysteine (Cys; A) and cystine (CySS; B). In C, Eh Cys/CySS was calculated from Cys and CySS concentrations using the Nernst equation. The total Cys pool is calculated as Cys ϩ (2 ϫ CySS) (D). Data are expressed as means ϩ SE.
a Values significantly different from untreated controls.
b Values significantly different from corresponding pair-fed controls. Fig. 2 . At days 1, 7, and 14, mice were killed, and plasma was collected for HPLC analysis of GSH (A) and GSSG (B). In C, the GSH/GSSG redox state (Eh GSH/GSSG) was calculated from GSH and GSSG concentrations using the Nernst equation. Data are expressed as means ϩ SE.
b Values significantly different from corresponding pair-fed controls.
the ELF was collected into a preservation solution designed to prevent oxidation of Cys during storage. Levels of Cys and CySS are presented after correction for dilution using the urea dilution factor.
As shown in Fig. 4A , Cys levels in the ELF rapidly declined within 24 h after bleomycin treatment (untreated controls, 33.6 Ϯ 2.6 M; bleomycin day 1, 2.5 Ϯ 0.75 M; P Ͻ 0.0001) and remained significantly below control values at all subsequent time points measured. No statistically significant differences in Cys levels were observed between bleomycin-treated animals and pair-fed controls at any time point (treatment effect, P ϭ 0.65). The comparable decline in Cys in both treatment groups suggests that the decline in ELF Cys is a consequence of reduced food intake.
In contrast to Cys, levels of CySS increased after bleomycintreatment (untreated controls, 40.4 Ϯ 2.5 M; bleomycin day 7, 267.8 Ϯ 73.2 M; bleomycin day 14, 362 Ϯ 43 M; P Ͻ 0.0001; Fig. 4B ). CySS levels increased modestly in pair-fed controls (pair-fed day 7, 72 Ϯ 9.4 M; pair-fed day 14, 64.2 Ϯ 7.2 M; Fig. 4B ). This increase was, however, not statistically significant, suggesting that the increase in ELF CySS in bleomycin-treated animals occurred as a consequence of the inflammatory and fibrotic process in response to lung injury.
Because the redox state of the Cys/CySS couple is driven by the absolute concentrations of Cys (24), E h Cys/CySS was oxidized equally in pair-fed controls and bleomycin-treated animals ( Fig. 4C ; untreated controls, Ϫ108 Ϯ 5.1 mV; bleomycin day 7, Ϫ37.2 Ϯ 7.3 mV; bleomycin day 14, Ϫ60.9 Ϯ 9.7 mV; pair-fed day 7, Ϫ55 Ϯ 4.01 mV; pair-fed day 14, Ϫ52.5 Ϯ 3.5 mV; P Ͻ 0.0001 compared with untreated controls).
Calculation of the total Cys pool [Cys ϩ (2 ϫ CySS)] revealed a significant increase with bleomycin treatment at day 3 (untreated controls, 113 ϩ 6.1 M; bleomycin day 3, 248 Ϯ 32 M; P Ͻ 0.05 compared with untreated controls) and days 7 and 14 (bleomycin day 7, 541.5 Ϯ 147 M; bleomycin day 14, 742 Ϯ 95.2 M; P Ͻ 0.0001 compared with untreated controls and pair-fed controls).
Thus oxidation of E h Cys/CySS at days 7 and 14 in bleomycin-treated animals was associated with an increase in total pool size while in pair-fed controls; oxidation in E h was associated without a major change in the total pool size. Taken together, the data show that plasma Cys/CySS is preserved in face of nutrient depletion, whereas in the lung lining fluid, nutrient deprivation induces perturbations in Cys homeostasis.
Temporal changes in lung fibrotic markers occur in bleomycin-treated mice but not in pair-fed controls. Studies in pair-fed animals suggested that diet alone could result in an oxidized E h Cys/CySS in the ELF. Therefore, we evaluated lung sections from pair-fed mice for fibrotic changes. As shown in Fig. 5A , lung sections from pair-fed controls did not show increased staining for collagen-compared with bleomycin-treated animals at day 14. Furthermore, immunohistochemical analysis of lung sections showed no increase in fibronectin or TGF-␤1 both at days 7 and 14 (data not shown). As expected, lung sections from bleomycin-treated mice demonstrated a substantial increase in staining for fibronectin and TGF-␤1 at day 14 (Fig. 5B) .
To confirm the lack of profibrotic activity in the BAL of pair-fed controls, we examined fibronectin-inducing activity in the ELF of pair-fed vs. bleomycin-treated animals. In these analyses, ELF was not collected into a preservation solution, and therefore the observed effects are not related to Cys/CySS redox state but rather to the presence of profibrotic mediators in the ELF. Fibroblasts transfected with a fibronectin luciferase reporter construct were stimulated with lavage fluid, and fibronectin expression was determined (Fig. 5C ). Fibronectin is one of the major extracellular matrix proteins involved in fibrosis and increases substantially in the fibrotic lung (29) . Lavage fluid harvested from bleomycin-treated mice at days 7 and 14 significantly increased activity of the fibronectin promoter (P Ͻ 0.01 compared with untreated controls and pair-fed controls). Furthermore, fibronectin bioactivity was greater at day 14 compared with day 7 after bleomycin (P Ͻ 0.0001). ELF obtained from pair-fed controls did not induce fibronectin expression.
Measurement of the profibrotic cytokine IL-6 (50) in the BALF by ELISA revealed a significant increase in IL-6 at days 7 and 14 in bleomycin-treated animals compared with untreated and pair-fed controls ( Fig. 5D ; P Ͻ 0.05). In bleomycin-treated animals, IL-6 levels were greater at day 14 compared with day 7 (P Ͻ 0.01). We detected similar magnitude of differences in BALF fibronectin activity and IL-6 between bleomycin-treated animals and pair-fed controls after normalization for dilution using the urea dilution factor. Thus the data show that oxidation of E h Cys/CySS in the ELF precedes maximal expression of collagen, fibronectin, TGF-␤1, and IL-6 in bleomycin-treated animals but not pair-fed controls.
DISCUSSION
Bleomycin is widely used to model lung fibrosis in mice (33) . The cytotoxicity of bleomycin is mediated by two main structural components: a bithiazole ring, which partially intercalates into the DNA helix, and pyrimidine and imidazole moieties, which bind iron and oxygen to generate free radicals (45, 50) . Studies investigating the pulmonary fate of intratracheal, tritiated bleomycin show that less than 1% of the radioactivity is retained at 24 h (28). This indicates that bleomycin is rapidly metabolized in the lung. Thus the dynamics of GSH/GSSG and Cys/CySS redox states at days 7 and 14 (Figs. 2-4 ) represent changes arising from bleomycin-induced lung injury rather than a direct oxidative effect of bleomycin.
The oxidation of plasma E h GSH/GSSG at day 7, coinciding with the proinflammatory phase of lung injury, can be explained by perturbations in GSH homeostasis due to inflammation. A greater partitioning of sulfur amino acids for hepatic protein synthesis compared with GSH synthesis occurs during inflammation (16) and could account for the decrease in plasma GSH at day 7. The role of GSH in the detoxification of reactive oxygen species (ROS) produced during the inflammatory response to injury could also lead to oxidation of E h GSH/GSSG (18, 32) . Interestingly, the decrease in plasma GSH at day 7 is not associated with a corresponding decrease in the precursor Cys pool. This observation is, however, not unexpected. Although Cys and GSH share a precursor-product relationship (6) , biochemical studies show that GSH can serve as a precursor for Cys (31) . In vivo, degradation of plasma GSH by ␥-glutamyltranspeptidase in the kidney yields cysteinyl glycine, which is cleaved by dipeptidases to Cys (31) . ␥-Glutamyltranspeptidase is highly inducible by oxidative stress (51) , and increased degradation of GSH can contribute to a decrease in plasma GSH with an associated maintenance of plasma Cys.
By day 14, GSH levels recover, leading to normalization of plasma E h GSH/GSSG. The dynamics of the plasma GSH pool during the fibrotic phase of lung injury are in agreement with observations by Borok et al. (7) and Teramoto et al. (46) who reported that plasma GSH levels in IPF patients are not significantly different from healthy controls. Although we observed no significant changes in plasma GSSG at day 14, GSSG levels are elevated in IPF patients (46) . This may be related to perturbations in GSH turnover, due to increased oxidant burden, associated with progressive fibrosis in human IPF.
In contrast to GSH, levels of Cys decrease at day 14. The decrease in plasma Cys and the associated oxidation of E h Cys/CySS in bleomycin-treated animals, but not pair-fed controls, indicates that perturbations in Cys homeostasis occur as a consequence of the fibrotic process. TGF-␤1, a key fibrotic mediator, induces production of extracellular hydrogen peroxide in endothelial cells, which could lead to oxidation of plasma Cys (11) . However, plasma CySS levels do not change, suggesting that mechanisms relating to increased transport of CySS into tissues may also be involved. Indeed, studies by Sato et al. (43) and others (4) have shown the induction of specific CySS transporters in response to peroxide and other prooxidant stimuli. A role for TGF-␤1-mediated transport of Cys into tissues to support increased protein synthesis cannot be excluded. In unpublished observations, we have found that TGF-␤1 induces depletion of extracellular Cys and CySS in a dose-dependent manner in lung fibroblasts. Indeed, increased protein synthesis during tissue repair places a higher demand on amino acid supply (36, 47) . Notwithstanding these possibilities, the decline in Cys levels resulted in a 20-mV oxidation of E h Cys/CySS at day 14. This magnitude of oxidation is sufficient to cause a fivefold change in the ratios of reduced to oxidized forms of proteins with vicinal dithiols (23) . Thus substantial redox-dependent changes could occur for plasma or membrane proteins that interact with the Cys/CySS couple.
A significant observation is the disequilibrium in the redox states of plasma Cys/CySS and GSH/GSSG at days 7 and 14. This suggests that the redox states of these major thiol/disulfide redox systems are regulated independently in the plasma, during inflammation and fibrosis. We (1) recently reported that in cells subjected to Cys deficiency, oxidation of E h Cys/CySS occurs in the absence of changes to E h GSH/GSSG. Similarly, Banjac and colleagues (2) found that overexpression of the CySS/glutamate antiporter, system x c Ϫ , protected lymphoma cells from apoptosis induced by GSH depletion by a mechanism relating to increase in extracellular Cys and not cellular GSH.
Interestingly, measurements of E h Cys/CySS in the alveolar space reveal a more profound oxidation in the ELF compared with the plasma pool. Similar observations have been made in alcoholics where the E h GSH/GSSG is oxidized by 40 mV in the lining fluid compared with a 20-mV oxidation in plasma (49) . Additionally, E h Cys/CySS in the ELF is oxidized before fibrosis.
Together with previous observations in lung fibroblasts that oxidized E h Cys/CySS stimulates fibronectin expression via increase in TGF-␤1, this indicates that oxidized ELF E h Cys/ CySS may contribute to lung fibrosis. However, ELF E h Cys/CySS is also oxidized in pair-fed controls in the absence of fibronectin expression. These data would suggest that oxidized E h Cys/CySS in the ELF is insufficient to promote fibrosis but can contribute to fibrosis in the setting of injury, characterized by the destruction of basement membranes and the infiltration of fibroblasts into the alveolar spaces. Thus oxidized E h Cys/ CySS may represent a predisposing state in the air space that is active only after exposure to a "second hit" that compromises alveolar barrier integrity.
Although E h Cys/CySS is comparable between bleomycintreated animals and pair-fed controls, an important distinction is the greater than twofold elevation in CySS levels with bleomycin treatment. The substantial increase in CySS is likely due to enhanced oxidation of extracellular Cys by ROS released from activated inflammatory cells sequestered in the air space and humoral factors such as TNF-␣ and TGF-␤1 in the ELF (38) . This elevation in CySS may be toxic to alveolar epithelial cells by mechanisms relating to oxidation of membrane and extracellular proteins and/or by increased efflux of intracellular glutamate via the x c Ϫ system (3, 20) . However, despite the elevation in CySS, the comparable decline in Cys in bleomycin-treated animals and pair-fed controls leads to a similar oxidation of E h Cys/CySS. Because Cys enters the Nernst equation as a squared term, E h Cys/CySS is largely driven by the absolute concentrations of Cys (24) . This indicates that dietary adequacy of Cys and Cys precursors is critical in maintaining the reducing capacity of the Cys/CySS redox couple in the ELF.
The decrease in Cys and GSH reserves is likely to play an important role in the inflammatory and fibrotic response to injury. Cys and GSH are well-established determinants of cytokine and growth factor production during activation of the immune system. For instance, oral pretreatment of mice with GSH and N-acetylcysteine (NAC), a Cys precursor, attenuates LPS-induced increase in TNF-␣ (37). Furthermore, alcoholinduced depletion of GSH is proposed to underlie the increased susceptibility of alcoholics to sepsis-induced acute lung injury (15) . The mechanistic role of E h Cys/CySS in inflammatory and fibrotic cell responses is only beginning to be elucidated. In vitro, oxidized E h Cys/CySS stimulates adhesion of leukocytes to the pulmonary endothelium (17) , sensitizes epithelial cells to apoptosis (19) , induces NF-B in endothelial cells (12) , and stimulates TGF-␤1 expression in lung fibroblasts (40) . Thus oxidized E h Cys/CySS can potentiate the inflammatory and fibrotic response to injury. The temporal association between oxidation of ELF E h Cys/CySS and induction of lung fibrotic markers in bleomycin-induced injury is consistent with this possibility. Consequently, maintenance of optimal Cys and GSH reserves during inflammation and fibrosis is likely to be beneficial. Indeed, multiple animal studies have consistently shown that NAC ameliorates the inflammatory and fibrotic response to bleomycin (10, 14, 44) . However, the early timing of the intervention and the lack of pharmacokinetic data on NAC complicate the interpretation of the results. Additional studies are required to confirm that the benefits of NAC in animal models relate to preservation of Cys and GSH redox systems.
In conclusion, the data show that decreased precursor availability and enhanced oxidation of Cys each contribute to the oxidation of extracellular Cys/CySS redox state in bleomycininduced lung fibrosis. Consequently, oxidation of E h Cys/CySS may be important in the pathogenesis of fibrosis. Further studies are needed to investigate whether preservation of E h Cys/CySS represents a useful therapeutic target in IPF and related fibrotic disorders.
